Purpose: Despite antiretroviral therapy, approximately half of individuals with human immunodeficiency virus (HIV) will develop HIV-associated neurocognitive disorder (HAND). Efficiency of brain networks is of great importance for cognitive functioning, since functional networks may reorganize or compensate to preserve normal cognition. This study aims to compare efficiency of the posterior cingulate cortex (PCC) between patients with and without HAND and controls. We hypothesize HAND negative (HAND-) patients will show higher PCC efficiency than HAND positive (HANDþ) patients. Methods: A total of 10 HAND þ patients were compared with 9 HAND-patients and 17 gender-, age-, and educationmatched controls. Resting-state functional MRI was acquired with a 3 Tesla scanner. Local efficiency, a measure of network functioning, was investigated for PCC. Network differences among HAND þ , HAND-patients and controls were tested as well as correlations between network parameters and cognitive test performance in different domains. Results: HAND-patients showed significantly increased PCC efficiency compared with healthy controls (p ¼ 0.015). No differences were observed between HAND þ patients and either controls (p ¼ 0.327) or HAND-patients (p ¼ 0.152). In HAND-patients, PCC efficiency was positively related with cognitive performance in the attention/working memory domain (p ¼ 0.003). Conversely, in HAND þ patients, PCC efficiency was negatively correlated with performance in the abstraction/executive domain (p ¼ 0.002). Conclusion: HAND-patients showed a higher level of PCC efficiency compared with healthy subjects, and PCC efficiency was positively related to cognitive performance. These results support the functional reorganization hypothesis, that increased PCC efficiency is a compensation technique to maintain cognitive functioning.
Introduction
Human immunodeficiency virus (HIV) can enter the brain and cause neurological symptoms shortly after seroconversion. Although the prevalence of severe forms of HIV-associated neurocognitive disorder (HAND) has decreased due to highly active antiretroviral treatment (HAART), the incidence of mild forms of HAND continues to increase, 1, 2 and approximately 50% of all individuals infected with HIV will develop cognitive impairment. 3 It is still unclear which neural mechanisms underlie cognitive deterioration in these patients, and there is no consensus on how to detect HAND via imaging tools. Recently, much focus in neuroscience has been on the functional brain network: the manner in which different brain areas communicate functionally and how this organization may be altered in neurodegenerative diseases, before structural abnormalities could be detected in magnetic resonance imaging (MRI). Resting state and lately graph theory methods have been used to demonstrate connectivity alterations related to cognition deficits. 4, 5 Moreover, resting-state network analysis in cognitively damaged patient populations has shown increases in connectivity in patients without deterioration, 6, 7 which may indicate that compensation may take place to maintain functioning. This functional reorganization hypothesis has yet to be investigated in HIV patients.
In the current study, resting-state functional MRI (rs-fMRI) was used to assess the local efficiency of the posterior cingulate cortex (PCC), a major hub of the default mode network, 6, 4, 8 in HIV patients with HAND and without HAND, in order to investigate the functional network characteristics underlying cognitive dysfunction in these patients. In line with the functional reorganization hypothesis, we expect that patients without HAND will show higher PCC efficiency than patients with HAND and controls.
Materials and methods Subjects
A cross-sectional cohort study was conducted during September 2009 and July 2017. A total of 19 HIV positive (HIVþ) patients, randomly selected from our hospital database, were included, and divided into two groups: HANDþ and HAND-. The criteria for the classification of HAND in this study were according to the revised research criteria modified by HIV Neurobehavioral Research Center, 9 and will be further discussed. The HANDþ group consisted of 10 patients (8 males and 2 females), and the HAND-group consisted of 9 patients (6 males and 3 females). Inclusion criteria were: (a) confirmed HIV infection by documented enzyme-linked immunosorbent assay and Western blot, (b) unchanging HAART for at least 1 year before enrolment, (c) right-handedness, and (d) no limit on disease duration. Exclusion criteria included: (a) HIV-associated dementia (analyzed by neurocognitive tests), (b) records of previous neurological diseases related to HIV, (c) history of major clinical illnesses or other neurological illnesses, (d) major psychiatric disorders, (e) self-reported history of substance abuse within the past 6 months, (f) MRI contraindications, and (g) abnormal brain MRI findings on conventional fluid attenuation inversion recovery (FLAIR) and sagittal T1 3D magnetization prepared rapid gradient echo (MPRAGE).
The control group included 17 healthy volunteers (12 males and 5 females) matched by sex, age, and years of education. Years of education were defined as the number of years that the participant went to school or college, excluding years of repetition. Controls with history of major clinical disease, neurological and/or major psychiatric disorders, self-reported oral history of substance abuse within the past 6 months were also excluded. Each subject provided written consent, and the appropriate Institutional Review Board approved the protocol.
Laboratory evaluations were performed on the same week of the MRI and included CD4-cell counts that ranged above 250 cells/mL, except in one patient with 47 in the HANDþ group (median of 730 cells/mL in the HANDþ groups and of 970 cells/mL in the HANDgroup) and the plasma viral load, which was undetectable in all patients, except for two patients with 83 copies/mL (HANDþ) and 717 copies/mL (HAND-). Table 1 shows demographic and clinical data. No significant differences were found in sex, age, and years of education among the three groups. Also, there were no significant differences in years of known infection between HIVþ groups.
MRI acquisition
The MRI acquisition was performed with a 3 Tesla MRI scanner (Magneton Trio TIM, Siemens, Erlangen, Germany), using the standard 8-channel phased-array head coil. The conventional MRI protocol included an axial FLAIR (TR ¼ 9000 ms, TE ¼ 80 ms, TI ¼ 2500 ms, 208 Â 256 acquisition matrix, flip angle ¼ 150
) and a high-resolution, 3-dimensional (3D), sagittal, T1-MPRAGE (TR ¼ 2530 ms, TE ¼ 3.45 ms, TI ¼ 1100 ms, 256 Â 256 acquisition matrix, flip angle ¼ 7
; voxel size, 1.3 mm Â 1.0 mm Â 1.3 mm). Rs-fMRI was acquired using a T2*-weighted gradient Non parametric Mann-Whitney spin-echo sequence (TE ¼ 30 ms, TR ¼ 3000 ms, 72 Â 72 acquisition matrix, flip angle ¼ 85 ) sensitive to the blood oxygen level-dependent contrast. In total, 36 interleaved, 3.0-mm-thick slices were acquired parallel to the anterior commissure plane, totaling 6 min of scanning. The heads of the subjects were stabilized with tape across the forehead and padding around the sides. Earplugs were used to minimize MRI noise interference. All MRIs were reviewed by an experienced neuroradiologist (ELG, 15 years of experience), did not display any abnormalities on conventional images, and were considered of good quality for post-processing.
Neuropsychological assessment
An experienced clinical neuropsychologist (TN, 9 years of experience) blinded for imaging results administered a neuropsychological battery on one session of 90 min, on the same day as the MRI, assessing six different cognitive domains. This battery consisted of standard tests adapted and interpreted according to normative demographic data for a Brazilian population. All cognitive domains were selected in line with Antinori et al. 9 Raw scores from neuropsychological tests were transformed into Z scores as follows: patient raw score minus normative mean divided by normative SD. 10 Cognitive deficits were considered when subjects Z scores were À1.5.
11 In order to classify the HIVþ sample as HANDþ, the sample needed to have at least two cognitive domains impaired along with other measurements. 9 The HIV group included 10 patients with HAND (8 patients with HIV-associated asymptomatic neurocognitive impairment and 2 patients with HIV-associated mild neurocognitive disorder), and 9 patients without HAND. No patients with HIV-associated dementia were included. Significant differences were found between HANDþ and HAND-groups in the abstraction/executive domains (p ¼ 0.01) and memory (p ¼ 0.007). All cognitive domains, with their respective neuropsychological tests and specific variables for each composite score are shown in Table 2 .
Resting-state fMRI analysis
The analysis pipeline is depicted in Figure 1 . Preprocessing was performed identically to previously reported methods. 20 Briefly, FreeSurfer software was used for all anatomical analyses and co-registration of functional images (http://freesurfer.net/). 21 The Lausanne 2008 parcellation scheme was used to analyze 1000 cortical surface parcels. 22 This parcellation was based on the Desikan atlas, 23 and the cortical surface was further divided into areas of approximately the same size (1.5 mm 2 ). During Rs-fMRI, the participants were instructed to keep their eyes closed and stay awake, without thinking of any specific thoughts. Participants with more than 3 mm of absolute head movement during the Rs-fMRI were excluded. Standard preprocessing of Rs-fMRI data included (a) discarding the first four volumes of each run to ascertain T1-equilibrium, (b) slice timing correction, (c) head motion correction with FSL, 24 (d) removal of constant offset and linear trend per run, (e) low-pass filtering below 0.08 Hz, and (f) regressing out of six motion parameters, with an average signal of the whole brain, ventricles, and white matter. 25 The individual functional images of the participants were projected onto a template cortical surface, after which a 6 mm full-width half- maximum smoothing kernel was applied to the surface data, and the data were down sampled to 4 mm resolution. The average time series was then extracted from each parcel, and Pearson's correlation coefficients between each pair yielded a 1000 Â 1000 fMRI connectivity matrix per subject. To eliminate negative correlations but avoid the disconnection of several parcels, a proportional threshold retaining the top 40% of all connections was applied to each connectivity matrix (see Results section for detailed information on this choice of threshold). The Brain Connectivity Toolbox, 26 and custom-made scripts (Matlab r2012a, Mathworks) were used for network analysis.
Previous studies concerning Rs-fMRI have found significant results regarding the posterior part of the default mode network; 8, 6 therefore, the analysis was focused on the PCC. However, network analysis was performed on all 1000 parcels and each connection. A well-defined and often used network parameter, local efficiency, 26 was investigated for both the right and left PCC separately, because FreeSurfer software only allows for bilateral region of interest definitions, after which these bilateral indices were averaged to obtain a single measure. Local efficiency assesses the summed weight of the shortest paths running through a particular node, indicating the connectedness and importance of the region.
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Statistics
Statistical analyses were performed using IBM SPSS version 20.0 and Matlab r2012b. Normality of cognitive scores and network indices was tested using Kolmogorov-Smirnov tests. Differences in age, education, and average motion among the three groups, HANDþ, HAND-, and controls, were computed by one-way ANOVA. Group differences in sex were determined by Chi-Square tests.
To investigate group differences in PCC network functioning, another one-way ANOVA was performed, using the three groups as independent variable and using the local efficiency of the PCC as well as motion as covariates. If significant results were found, the three groups were compared by a post-hoc Student's t-tests, adjusted for multiple comparisons by Bonferroni correction.
The effect size was computed by Eta square, when comparing all three groups (HANDþ, HAND-and control) for demographic, clinical and PCC network variables. For cognitive comparisons between HANDþ and HAND-patients, effect sizes were calculated using Cohen's d.
Furthermore, associations between PCC network features and cognitive functioning were measured within the HANDþ and HAND-groups by Pearson's correlation coefficients, using continuous z-scores for cognitive domains. Statistical significance was set at p < 0.05, and the false discovery rate was used for the correction of multiple comparisons. 27 
Results
Altered PCC network functioning in HIV patients without HAND
The one-way ANOVA results regarding the PCC local efficiency were significant (F(1,32) ¼ 8.670, p ¼ 0.006, effect size eta squared ¼ 0.19). These findings indicate different values for the three groups (HAND-, HANDþ, controls), while controlling for motion, which was not a significant covariate with F(1,32) ¼ 1.384, p ¼ 0.248.
In post-hoc testing, HAND-patients showed significantly increased PCC efficiency compared with healthy controls (t(24) ¼ 2.6, p ¼ 0.015). No statistically significant differences between HANDþpatients and controls (t(25) ¼ 1.00, p ¼ 0.327) were observed, nor between HAND-and HANDþ patients (t(17) ¼ 1.50, p ¼ 0.152). 
PCC efficiency and cognitive functioning by group
We then tested whether PCC efficiency, which was higher in HAND-patients, was correlated with cognitive functioning within the HAND-and HANDþ patients. Indeed, in HAND-patients, PCC efficiency was positively related to performance at cognitive in the attention/working memory domain. Conversely, in HANDþ patients, PCC efficiency was negatively related to performance in the abstraction/executive domain. Correlation analysis is shown in Table 3 .
Discussion
This study used rs-fMRI to assess the local efficiency of the PCC in HIV patients with HAND and without HAND and correlated connectivity measures with cognitive tests results. We demonstrated significantly increased PCC efficiency in the HAND-group, compared with healthy controls, which was related to better functioning in neuropsychological tests in the domain of attention/working memory. No statistically significant differences were found between HANDþ patients and controls, or between HAND-and HANDþ patients. In HANDþ patients, PCC efficiency was negatively related to performance in the abstraction/ executive domain.
Previous studies using task functional MRI (fMRI) demonstrated areas of hyperactivation in HIV patients correlating to better performance in cognitive tests compared with controls, 28 as well as hyperactivation in some areas in HIV patients without cognitive deficits, [29] [30] [31] when performing the same tasks as controls. Previous DTI studies demonstrated extensive structural damages in HIV patients with cognitive deficits, 32, 33 when compared with HIV patients without cognitive deficits, as well as positive correlation between time of infection and DTI abnormalities. 34 These findings corroborate our results of increased PCC efficiency in the HAND-group compared with healthy controls, and suggest a need of hypermodulation of some networks in HIV patients, in order to maintain cognitive functioning. Besides, this hypermodulation may precede clinical abnormalities, or even white matter lesions, reflected by DTI alterations, implying that hyperactivation could compensate brain damage and avoid or postpone cognitive deterioration.
This functional reorganization hypothesis is based on an assumption that, during the natural course of HIV infection, structural damage progresses silently, even when no clinical abnormalities are seen, which may be initially compensated with hypermodulation. Nevertheless, after a critical threshold, hypermodulation is no longer sufficient to compensate structural damage, leading to decreased connectivity, network failure, and finally cognitive impairment. This assumption is in agreement with our findings, since we demonstrated negative correlation between PCC efficiency and cognitive performance in HANDþ patients, as well as no statistically significant differences between HANDþ and HAND-patients. This suggests that the HANDþ group has reached the threshold or is even decreasing connectivity, presenting with intermediate connectivity measures, which is not statistically different from controls or from HAND-patients.
Our study has some limitations. First, the total RsfMRI acquisition time of 6 min could be considered short; but correlations between brain regions have been demonstrated with same or shorter acquisition times. 35 The cohort could be considered short; however, it is substantial when compared with the sample sizes of other studies. 36, 37 Finally, this study is crosssectional. A longitudinal study should be performed assessing Rs-fMRI in HIV-associated dementia, comparing these results to mild forms of cognitive impairment, and even with structural abnormalities.
In conclusion, this study proposes that the functional reorganization hypothesis, already well established in other diseases, such as Alzheimers disease, 38 Parkinsons, 39 and multiple sclerosis, 7 can also be applied to HIV. Improved understanding of altered connectivity in HAND-patients may be used to help detect and predict patients who may develop cognitive impairment and ultimately influence clinical management. Thus, Rs-fMRI could be proposed as a biomarker for neurocognitive impairment in HIV infection. Additional investigation should be performed, in order to confirm and validate our findings, and eventually enable clinical application. 
